exciton funnelling electron transport layer is proposed and optimized for enhanced QLED performance while exhibiting very high color purity of 99%. These energy transfer pumped hybrid QLEDs demonstrate an enhancement factor of 6-folds in the external quantum efficiency over the conventional QLED structure, in which energy transfer pumping is intrinsically weak. Figure   KEYWORDS : hybrid light-emitting diodes, colloidal quantum dots, phosphorescent molecules, nonradiative energy transfer, triplet state harvesting.
Colloidal quantum dots (QDs) are appealing light-emitting materials owing to their favorable optical properties, which make them promising for electroluminescent light-emitting devices (QLEDs). [1] [2] [3] Excitation of the QDs in these electroluminescent devices occurs via either direct charge injection and/or nonradiative energy transfer (NRET) from an adjacent charge transport layer. 2 Energy transfer pumping was suspected to be an important mechanism for QLEDs, which employs organic hole and electron transport layers. 4 Energy transfer pumping of the QDs can be facilitated through funnelling of excitons, which are initially formed in an adjacent transport layer, into the QDs via near field dipole-dipole coupling also known as Förster resonance energy transfer (FRET). Generally, these organic charge transport layers are comprised of fluorescent small organic molecules or conjugated polymers; therefore, only 1/4 of the created excitons are singlet states due to spin statistics. 5 Therefore, 3/4 of the excitons 6, 7 that are formed in these fluorescent charge transport layers will not be transferred into the QDs via NRET since they have zero oscillatory strength. On the other hand, phosphorescent materials are known to have 100% internal quantum efficiency owing to the enhanced spin-orbit coupling and strong intersystem crossing. 8, 9 Hence, utilization of phosphorescent small organic molecules in the adjacent charge transport layer is expected to boost the energy transfer pumping of the QDs in QLEDs.
Previously, NRET 10 and charge transfer 11 from a phosphorescent small organic molecule to a QD was shown via time resolved fluorescence spectroscopy. Phosphorescence lifetime was
shown to be shortened due to NRET, while acceptor QD fluorescence lifetime is increased. 12 Later, several reports demonstrated hybrid LEDs incorporating both the QDs and the phosphorescent small organic molecules for white light generation. 13, 14 However, these previous reports did not consider, nor engineer the potential energy transfer pumping scheme. Only Zhang et al. reported an enhancement of the external quantum efficiency up to 3-folds via employing triplet harvesting phosphorescent molecules, but the color (spectral) purity of QLEDs could not be preserved at high current densities due to the expansion of the exciton recombination zone resulting in incomplete energy transfer from the phosphorescent molecules into the QDs. 15 In this work, we develop hybrid highly spectrally pure QLEDs, in which the QDs are energy transfer pumped via NRET from the phosphorescent small organic molecule co-doped electron transport layer. Excitonically engineered hybrid QLEDs exhibit substantially enhanced external quantum efficiencies (up to 2.11%) with more than 6-fold enhancement over the conventional QLEDs do not possess efficient exciton transferring phosphorescent co-doped adjacent charge transport layers. These engineered hybrid QLEDs can preserve the color purity, which is as high as 99%.
Here, we denote the color purity as the fraction of photons emitted by the QDs to the total emitted photons from the overall hybrid QLED. The color purity of the electroluminescence of the hybrid QLEDs is successfully achieved via exciton formation zone management by introducing a hole blocking layer in between the QDs and the phosphorescent co-doped electron transport layer. To optimize the energy transfer pumping to the QDs, location of the partial codoping of the phosphorescent molecules in the electron transport layer is fine-tuned.
Additionally, time resolved fluorescence spectroscopy is utilized to experimentally verify the enhanced exciton feeding into the QDs.
In this report, as opposed to the previous efforts on optimizing direct charge injection in QLEDs, our aim is to achieve high color purity QLEDs that are engineered for the highly efficient energy transfer pumping while effectively harvesting the singlet and triplet state excitons in the phosphorescent co-doped electron transport layer. Red-emitting core/ shell CdSe/ZnS QDs are synthesized 16 and used as an emissive layer for the QLEDs. These QDs are highly monodisperse having less than 30 nm full-width at half-maximum and exhibit >20% quantum efficiency in their solid films. As the triplet state harvesters and efficient energy transfer pumping, phosphorescent molecule co-doped electron transport layer of 2,2',2"-tris-(Ncarbazolyl)-triphenylamine: Iridium, tris(2-phenylpyidine) (TCTA:Ir(ppy) 3 ) is employed. The proposed 3D device architecture of the hybrid QLEDs is illustrated in Figure 1a . Figure 1b demonstrates the energy band alignments of the hybrid QLEDs.
The devices are fabricated using both solution and vacuum processing techniques (see experimental section for the details). PEDOT:PSS, poly-TPD and the QDs are spin coated.
BPhen, TCTA, Ir(ppy) 3 , TPBi, LiF are deposited using thermal sublimation at very high vacuum (< 10 -6 Torr). The thickness of the deposited film is monitored using a calibrated quartz crystal microbalance (QCM) thickness gauge having sensitivity of +-0.03 nm. In the conventional device structure of ITO/PEDOT:PSS/poly-TPD/QD/TPBI/LiF/Al, the emission is purely from the QD layer as shown in Figure 2a . However, the maximum EQE level is quite low (i.e., 0.58%), possibly due to poor charge injection balance and poor energy transfer pumping, which the latter could take place either from poly-TPD or TPBi into the QDs. Starting with the conventional structure, we first introduce the phosphorescent emitter co-doped Ir(ppy) 3 :TCTA layer (10% doping concentration) (ITO/PEDOT:PSS/poly-TPD/QD/TCTA:Ir(ppy) 3 /TPBI/LiF/Al) as the electron transport layer. However, we observe insuppressible emission from the phosphorescent co-doping in the electroluminescence spectra as shown in Figure 2a . This necessitates engineering of the exciton recombination zone to achieve efficient exciton confinement to the QD layer for superior color purity. To this end, we introduce Bathophenanthroline (BPhen) hole blocking layer to keep the electroluminescence spectrally pure whilst optimizing the energy transfer pumping of the QDs via minimizing the leakage of the holes from the QD layer into the phosphorescent co-doped layer. As we introduce the BPhen layer in between the QD layer and the co-doped layer (ITO/PEDOT:PSS/poly-TPD/QD/BPhen/TCTA:Ir(ppy) 3 /TPBI/LiF/Al), we observe a significant suppression of the emission from the phosphorescent molecules. As we increase the thickness of BPhen from 0.5 to 1.5 nm, the electroluminescence spectra of the hybrid QLEDs are shown in Figure 2b . Therefore, we achieve as high as 99% color purity (fraction of the photons emitted by QDs to the total number of photons emitted by the hybrid QLED) with the optimized 1.5 nm thick BPhen device (Figure 2b green curve) , whereas fraction of the QD emission in the electroluminescence was just 76% without employing BPhen hole blocking layer (Figure 2b black curve) . This introduced very thin BPhen layer slightly increases the turn-on voltage of the hybrid QLEDs due to the impeded hole injection and transport (see Figure S1 ). This result implies that the substantial suppression of the undesired photons (i.e., emission of the phosphorescent small organic molecules) from 24% to 1%. It is worth noting in here that the thickness of BPhen plays a critical role in determining the overall device efficiency. While thicker BPhen layer provides a better color purity, exciton transfer from the phosphorescent molecules to the QDs is expected to be suppressed. Varying the BPhen layer thickness from 0 to 2 nm, the optimized device performance is achieved for a BPhen thickness of 1.5 nm. At this optimum condition, the hybrid QLEDs both maintain high EQEs without sacrificing the excellent color purity.
To further engineer the energy transfer pumping in these hybrid QLEDs, we study partially co-doped Ir(ppy) 3 :TCTA electron transport layer instead of completely co-doped layer while keeping all other layers at the optimal thicknesses. Here, we co-dope Ir(ppy) 3 into TCTA with a thickness of 2.5 nm and the rest of the TCTA is kept undoped (7.5 nm). Figure 3 exhibits the representative schematic of these partially co-doped electron transport layers. Then, we change the position (i.e., 1 to 4 as in Figure 3 ) of this co-doped part inside TCTA layer. This enables us to probe the effects of the energy transfer pumping on the electroluminescence and external quantum efficiency of the QLEDs. As the co-doped portion is closer to the QDs, it is expected to achieve enhanced energy transfer pumping. Figure 4a shows the change in the resulting non-normalized electroluminescence spectra of the QLEDs at the same injection current density as we vary the 2.5 nm thick co-doping layer's position in 2.5 nm intervals within 10 nm film thickness of TCTA. As the co-doping is placed closest to the QDs (position 1), we achieve 99% color purity (emission ratio of the QDs to Ir(ppy) 3 is ~100) with the highest overall emission intensity as shown by Figure 4a . Moreover, as we move the co-doping away (position 2 to 4) from the QDs, the color purity becomes inferior (see Figure 4a inset) and we observe the color purity quantitatively decreases from 99% to 92%. This is due to the fact that energy transfer pumping from the phosphorescent co-doping to the QDs decreases and the excitons that are generated in the co-doping starts to recombine radiatively instead of being funneled into the QDs. Figure 4b shows the EQE of four different hybrid QLEDs at the same current density (55 mA/cm 2 ) having varying co-doping position. The closest co-doping leads to the best EQE levels.
The EQEs progressively decreases as the co-doping is moved from position 1 to 4.
For the well optimized case of co-doping layer being closest to the QDs (position of the co-doping is 1) (ITO/PEDOT:PSS/poly-TPD/QD/BPhen (1.5 nm)/TCTA:Ir(ppy) 3 (2.5nm)/TCTA (7.5nm)/TPBI/LiF/Al), the peak the EQE of the device reaches 2.11%, which is 3.6-fold larger than peak EQE of the conventional QLED, in which peak EQEs can only reach 0.58% as shown by Figure 4c . The maximum enhancement factor achieved in EQE is over 6-folds at the current density of 11 mA/cm 2 . Figure 4d shows the electroluminescence spectra of the QLED at increasing current levels (device area is 9 mm 2 ) that is optimized for energy transfer pumping and high color purity. Furhtermore, the optimized device results in peak birhgness level as high as 1574 cd/m 2 as shown in Figure S2 . Table I summarizes various combinations of the devices under consideration along with their EQE levels.
To support the observed trends in the device performance of the hybrid QLEDs owing to the efficient energy transfer pumping by the phosphorescent co-doped layer, we further investigate these hybrid thin films via time resolved fluorescence spectroscopy. Previously, fluorescence of the QDs was shown to be enhanced owing to NRET. [17] [18] [19] Here, NRET is employed to increase the electroluminescence performance of the electrically driven QDs. Figure   5 shows the fluorescence decay curves measured at the QD peak emission to investigate the fluorescence lifetime variation of the QDs due to NRET from the additional layers of that are employed in the QLEDs including BPhen, TCTA, Ir(ppy) 3 :TCTA and BPhen/Ir(ppy) 3 :TCTA.
The collected fluorescence decays are analyzed using bi-exponential decay function. It is expected to have increased fluorescence lifetime of the acceptor QDs owing to the exciton feeding via NRET. 12, 19 The fluorescence lifetime of the QDs increases from 2.79 ns (amplitude averaged lifetime in bare QD film) when incorporated with exciton donating phosphorescent codoped charge transport layers. Table II summarizes 
